Polyadenylated messenger RNA extracted from HeLa cells was hybridized with a mass excess of HeLa DNA. The kinetics of the hybridization reaction demonstrated that most of the messenger RNA is transcribed from nonrepetitive DNA. The amount of messenger RNA hybridized to DNA was measured both with and without prior RNase treatment. Comparison of the results indicates that within the limits of detection, HeLa messenger RNA does not contain repetitive sequence elements covalently linked to nonrepetitive sequence transcripts. However, a small fraction of the HeLa messenger RNA preparation is transcribed entirely from repetitive DNA sequences. This fraction represents about 6% of the total polyadenylated messenger RNA preparation.
Recent studies indicate that most eucaryotic mRNA sequences are transcribed from DNA sequences which occur only once per genome (1) (2) (3) (4) (5) (6) (7) (8) (9) . Thus, in a variety of systems, ranging from insect to sea urchin and rodent, most of the structural genes are in the class of nonrepetitive DNA sequences. A notable exception is the set of histone structural genes (10, 11) , and other exceptions may well exist. In order to avoid cumbersome phrases we will occasionally use the terms repetitive and nonrepetitive transcript to describe RNA sequences that have been transcribed from repetitive and nonrepetitive DNA sequences. The demonstration that mRNAs are complementary to nonrepetitive DNA sequences has generally involved measurements of the kinetics of hybrid formation between trace quantities of labeled mRNA and excess cellular DNA. Assay of hybrid formation in such experiments customarily requires the use of RNase to destroy nonhybridized RNA. Experiments utilizing labeled cDNA (DNA transcribed from mRNA using an RNA-dependent DNA polymerase) and excess cellular DNA have involved treatment with SI nuclease for analysis of hybrids. Such measurements, however, preclude investigation of the possibility that a large fraction of mRNA molecules contains repetitive sequence "tags" covalently associated with the nonrepetitive coding sequences. Repetitive tags could be relatively short and, though present on a large fraction of mRNA molecules, might include only a small fraction of the total RNA nucleotides. On the basis of filter hybridization measurements, Dina et al. (12) claimed that the repetitive "tag" model applies to a major fraction of the mRNA of Xenopus embryos.
To investigate this question further, we recently developed a procedure for the assay of RNA DNA hybrids on hyAbbreviations: HAP, hydroxyapatite; EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate; PB, phosphate buffer (pH 6.8); poly(A)mRNA, polyadenylated mRNA.
t To whom requests for reprints should be addressed. 1785 droxyapatite (HAP) columns in which ribonuclease is not utilized. This procedure depends on the observation that 8 M urea prevents the binding of nonhybridized RNA to HAP but permits the binding of molecules containing hybrid regions (2, 13) . Using this method, we recently showed (2) that total sea urchin gastrular mRNA is transcribed almost exclusively from single copy DNA sequences and that no appreciable portion of the mRNA molecules contains repetitive sequence "tags." Here we describe essentially similar observations on the mRNA of a human cell type, HeLa. We find that most poly(A)-containing mRNA of HeLa cells is transcribed from unique DNA sequences. However, a small class of RNAs transcribed from repetitive sequences can also be detected. Furthermore, we show that within the limits of detection none of the mRNA molecules transcribed from single copy DNA has repetitive sequence "tags" covalently linked to them.
MATERIALS AND METHODS
Cell Culture and Labeling of mRNA. HeLa cells (clonal strain S3) were grown in suspension culture in modified Eagle's medium (14) containing 5% calf serum. The cultures were free of any detectable contamination with PPLO (Mycoplasma). The mRNA was labeled to approximately constant specific activity by growing the cells (1 X 105/ml) in the presence of [5-3H] uridine (26 Ci/mmol) for 48 hr. Isotope was added at zero time to a concentration of 1.25 ,Ci/ml, and additional label was added at 25 hr (1.25 ,uCi/ml) and 35.5 hr (0.9 ,uCi/ml) in order to ensure approximately uniform incorporation of the precursor into the mRNA over the entire 48-hr period. Under these conditions the supply of exogenous ra'dioactive precursor varies less than 2-fold (15) . During the last 12 hr of the labeling period the concentration of radioactive precursor in the medium dropped to about 60% of its value at 36 hr. Therefore, the specific activity of any mRNA species which turns over more rapidly than the bulk of the mRNA could be as much as 1.7-times lower than that of the bulk mRNA (16) .
Purification of HeLa mRNA. Free HeLa cell polysomes were isolated in essentially pure form, as described earlier (16) . The polysomes displayed greater than 99% sensitivity to ethylenediaminetetraacetic acid (EDTA). Polysomal RNA was extracted and the mRNA was purified by poly(T)-cellulose chromatography (16) . In the present experiments the mRNA was passed two times through 0.5 X 5.0-cm columns of poly(T)-cellulose. HeLa half of the procedure the fraction of RNA nucleotides actually residing in hybrid regions was measured by treating the sample with Worthington RNase A (10 .ug/ml in 0.24 M PB), followed by passage over a Sephadex G-200 column equilibrated in 0.12 M PB.
RESULTS
Assay of Hybrids Without Nucleases. Since many of the observations reported below are obtained by the urea-phosphate HAP method of hybrid analysis, it is useful to review briefly the evidence that this is a valid procedure for assay of RNA molecules containing regions of DNA-RNA duplex. The results of prior studies (2, 13) have shown the following: (a) Binding of nonhybridized RNA to HAP is almost completely suppressed in 8 M urea-0.2 M PB-1% SDS. This has been found to be true for sea urchin mRNA and hnRNA, and for HeLa mRNA (Table 1 Hybridization of this RNA at low Cot yields structures consisting of 1000 to 2000 nucleotide-long RNA fragments paired on the average over about one-third of their length with DNA, while two-thirds of their length remain singlestranded. These molecules, which are about the same size as the HeLa mRNAs, are bound efficiently to HAP in the urea-PB, due to their duplex regions. The amount of RNA bound in this assay system is about the same as the amount estimated to contain hybridized sequences by isopycnic centrifugation in Cs2SO4 (13) or CsCl gradients (unpublished data). These experiments show that the urea-phosphate method adequately recognizes RNA molecules which contain even a minor portion of their length as RNA DNA duplex. These are the structures which would be formed by low Cot hybridization if the repetitive "tag" hypothesis of mRNA structure is correct. The minimum length of duplex required for binding has not been determined but it is probably similar to the minimum length of DNA * DNA duplex recognized by HAP under standard conditions, which is less than 20 nucleotides (21) .
We emphasize that the urea-phosphate HAP system measures the fraction of RNA in molecules which contain hybrid regions. In contrast, the procedures using RNase measure the fraction of the RNA nucleotides which are actually in duplex regions.
Kinetics of Hybrid Formation Between HeLa mRNA and DNA. The polyadenylated mRNA [poly(A)mRNA] was hybridized with a 5000-fold excess of DNA to various DNA Cots, and the hybrid content assayed by the urea-phosphate HAP procedure. Fig. 1 shows the kinetics of hybrid formation as a function of DNA Cot. By least squares analysis the reaction is best fit assuming two components. The slow component (about 30% of the input RNA) reacts with a rate constant of 3.0 X 10-4 M-1 sec'-, which is close to the calculated rate constant for the single copy fraction of human DNA. The faster component (about 6% of the input RNA) reacts with a rate constant for which the best estimate is 1. We conclude from the experiments so far presented that HeLa mRNA molecules in general lack any recognizable tags of repetitive sequence transcript covalently linked to nonrepetitive sequence transcript. Most of the hybridizing molecules thus contain only nonrepetitive sequence transcript. However, it is apparent that a small class of RNA molecules transcribed entirely or almost entirely from repetitive DNA sequence is also present in the preparation. This RNA does not appear to be rRNA, since the binding to HAP is not reduced by the presence of large amounts of unlabeled human rRNA (Table 1) .
Size and Amount of the Repetitive Component of HeLa Poly-(A)mRNA. Analysis of the hybridization kinetics presented in Fig. 1 indicates that about 6% of the mRNA is transcribed from repetitive sequences. However, this interpretation requires that sufficient excess of DNA was present in the experiments of Fig. 1 to hybridize all of the repetitive sequence transcripts. A limit estimate of the DNA:RNA ratio needed to hybridize all the RNA transcribed from sequences present about 102-103 times per genome ( Fig. 1) can be obtained by assuming the lowest reasonable complexity for the RNA. For this calculation we can assume that there is only one species of such RNA present, the complexity of which is equal only to the average transcript length, i.e., about 2000 nucleotides (Fig. 2) The DNA: RNA ratio needed to hybridize the repetitive RNA is given by the expression DNA genome size RNA reiteration frequency X complexity and even for this extreme case, such a calculation indicates that a total DNA: RNA ratio of about 4 to 40 X 103 would suffice. In accordance with this calculation, Table 2 shows that no change in the amount of hybridization at low Cot is observed over a range of two orders of magnitude in DNA: RNA ratio. Even at a DNA: RNA ratio of 5 X 104, no more than 6% (background subtracted) of the RNA reacts at Cot 40. We conclude that no more than 6% of the HeLa poly(A)mRNA preparation is actually transcribed from repeated regions on the HeLa DNA, since this value has not been underestimated due to insufficient DNA: RNA ratio. Table 3 presents an experiment in which the HeLa poly(A)-mRNA was divided into four size fractions on the basis of sedimentation in sucrose gradients. Each fraction was then reacted with excess DNA to low Cots and the amount of hybrid measured. The data suggest a slight enrichment for repeti-tive transcripts in the heavier classes of RNA. Clearly some molecules >35S in size belong to the repetitive sequence class.
Single Copy Sequence in HeLa mRNA. According to the hybridization kinetics in Fig. 1 RNA ratio and therefore more RNA is bound to HAP in the urea-phosphate system. Earlier studies (13) showed that as the DNA: RNA ratio is increased, average coverage of an RNA molecule also increases, and the difference between RNase and urea-phosphate value decreases.
At the highest DNA: RNA ratio used in these studies, about 41% of the mRNA molecules contain hybridized regions when the reaction has terminated kinetically ( An alternative explanation for lack of complete hybridization is that some form of artefact interferes with hybridization and is responsible for the unhybridized RNA. We have carried out many control experiments in an effort to demonstrate such an artefact (Smith and Davidson, unpublished) . In these experiments we have utilized mRNA from sea urchin embryos, which we have studied by methods similar to those used here (2) . As with HeLa mRNA, the fraction of the sea urchin mRNA which can be hybridized with nonrepetitive DNA sequences increases as the DNA: RNA ratio is increased, but nearly half (45%) of the mRNA remains unhybridized at the highest DNA: RNA ratios attempted. The RNA was not significantly degraded during the hybridization reaction. Nor was the rate of the hybridization reaction found to be slower at very high DNA: RNA ratios (e.g., 300,000/1) compared to more moderate DNA: RNA ratios (3,000/1). When the unhybridized fractions of the mRNA were re-reacted with fresh DNA there was no significant increase in the amount of hybrid formed. That is, all the RNA which can hybridize appears to do so on first exposure to DNA. Furthermore, using the same techniques, up to 80% of sea urchin hnRNA molecules can be recovered as hybrid-containing molecules at very high t 3.8 pg is the mass of the haploid HeLa genome. At a DNA:
RNA ratio of 5 X 104, a reaction mixture contains 2500 ug of DNA and 0.05 jug of RNA. The number of copies of each nonrepetitive sequence per Asg of RNA is 2500/0.05 X 1/3.8 X 10-6 = 1.3 X 1010. The amount of mRNA/cell is 4 X 10-7 Ug (based on direct measurements of mRNA yield) and 1.3 X 1010 X 4 X 10-7 = 5.2 X 103 copies of a given mRNA sequence per cell which should be hybridized at the above DNA:RNA ratio. DNA: RNA ratios. This shows that in themselves these methods neither inhibit hybridization nor cause substantial losses in the amounts of hybrid measured. These data suggest that the correct explanation for the failure of all the mRNA to hybridize lies in the high frequency with which some of the sequences are represented.
DISCUSSION
The experiments described in this report lead to three main conclusions regarding the nature of the sequences present in the poly(A)mRNA isolated from free cytoplasmic polyribosomes of HeLa cells. First, most of the mRNA molecules appear to be transcribed from nonrepetitive DNA sequences. This conclusion is based mainly on measurement of the rate of mRNA -DNA hybrid formation, which is consistent with that expected for single-copy DNA sequence transcripts. However, our data are not sufficiently extensive to preclude the (unlikely) alternatives that the sequences from which these mRNAs are transcribed are present an average of 0.5 or 2 times per genome. Nor can we say whether the rate of hybrid formation is less than a factor of two different from the rate of DNA DNA duplex formation (18, 19) . Using RNase treatment for assay of the hybrids, Penman and Bishop also reached the conclusion that HeLa mRNA is mainly nonrepetitive sequence transcript (unpublished data). Thus in human as well as other animal cell types (1-9), most of the structural genes are single-copy DNA sequences.
The second conclusion is that a small but nonnegligible component of the HeLa mRNA preparation (about 6%) [or slightly more if this RNA fraction turns over rapidly compared to the bulk of the mRNA (16) This argument, however, depends on the certainty with which the hybridizing radioactivity can be ascribed to mRNA. The following data are relevant for the HeLa mRNA preparation used here. (a) After two passages over poly(T)-cellulose, less than 1% of the radioactivity can be attributed to rRNA, according to both formaldehyde and SDS-sucrose gradient analysis, and to the yield of RNA recovered from the column after long-term labeling (2% of the total polysomal radioactivity). (b) The size distribution of the RNA species hybridizing at low Cot (Table 3) includes species larger than rRNA, i.e., >35S. (c) Addition of a large excess of unlabeled human rRNA to the hybridization reactions results in no decrease in the amount of labeled RNA bound (Table 1) . (d) The structures from which the [3H]mRNA is extracted are >99.7% sensitive to EDTA disaggregation. This is of course a diagnostic characteristic of polysomes, and contrasts to the behavior expected of structures which contain hnRNA. Furthermore, the extracted RNA displays the turnover rates and labeling characteristics of polysomal rather than hnRNA (16) . (e) The hybridization behavior of the RNA is distinct from that of hnRNA. Both in HeLa (20) and in sea urchin cells (13) , hnRNA contains interspersed repetitive sequence elements, and the fraction of nucleotides present in repetitive regions is far smaller than the fraction of molecules containing them. In contrast, our measurements yield identical values for the fraction of RNA nucleotides present in the repetitive sequences and the fraction of HeLa mRNA molecules containing these sequences. This is a strong argument that the poly(A)-containing repetitive transcripts actually represent mRNA rather than an hnRNA contaminant.
Our experiments argue strongly against the existence of recognizable repetitive sequence "tags" on a large portion of the mRNA molecules. Prior studies (13) have shown the urea-phosphate HAP assay system on which we rely for this conclusion to be capable of binding with high efficiency RNA molecules which are 1 to 2 X 103 nucleotides long, but contain less than one-third their length as RNA-DNA duplex. The present data show that such structures are not detectable in HeLa mRNA. This result was reported earlier for total mRNA of sea urchin gastrulae (2) . Our conclusions are thus Xenopus embryo mRNAs contain short repetitive sequence elements recognizable in hybridization experiments carried out at much the same annealing criterion that we have used.
Possibly phylogenetic differences account for this discrepancy, but it seems more likely to be technical in origin.
It remains of course possible that mRNAs contain repetitive sequence regions shorter than the recognizable limit. For hydroxyapatite columns operated under standard conditions in 0.12 M PB this limit is known to be very small (Wilson and Thomas report 85% binding of 17 nucleotide long duplexes under our conditions; ref. 21 and unpublished data). Though we see no reason why there should be a substantial difference, we do not known exactly what this limit is for hydroxyapatite columns operated in 8 M urea-0.2 M PB-1% SDS. However, the recovery of short DNA DNA duplexes in the urea-phosphate medium leads to the conclusion that duplex sequences 100 nucleotides or longer would be bound quantitatively under these conditions. Nontranslated sequences now known on several specific mRNAs appear to exceed this short length. Thus we provisionally conclude that at least part of the nontranslated mRNA must also be transcribed from single-copy DNA.
